In this work, by analyzing the electrochromic transient spectra, the 77 K fluorescence emission and excitation, as well as the linear dichroism (LD) and circular dichroism (CD) spectra of low-light (LL) and high-light (HL) grown Phaeodactylum tricornutum cells, we show that the fucoxanthins (Fx) and fucoxanthin-chlorophyll proteins (FCP) exhibit marked functional heterogeneity. Electrochromic transients reveal that LL and HL cells differ substantially in their relative contents of two Fx forms, which absorb at 501 and 550 nm; they exhibit distinct LD signals but are CD silent. Fluorescence emission and excitation spectra at 77K reveal that although both forms efficiently transfer excitation energy to Chl a, the red form feeds somewhat more energy to photosystem II than to photosystem I. Similar data obtained in Cyclotella meneghiniana cells suggest that the heterogeneity of the FCP pool, with different Fx, forms plays a role in the regulation of energy utilization in FCP-containing organisms.
Introduction
Diatoms are an important photosynthesizing algal group of the phytoplankton community, contributing to almost one quarter of the global primary production [1] . To maximize photosynthetic efficiency, diatoms adapt their pigment composition to their aquatic environment according to the energy of the photons from the incident sunlight that are able to penetrate different water depths. As a result of such chromatic adaptation, the diatom pigment composition differs considerably from that of higher plants. They possess chlorophyll a (Chl a), but Chl b is replaced by Chl c 1 and Chl c 2 , whose ratio differs among diatom species [2] . Instead of lutein, diatoms incorporate fucoxanthin (Fx) as the carotenoid. The presence of a carbonyl group in conjugation with the isoprenoid chain is responsible for the unique spectroscopic features of Fx [3] , which also allows it to function as the main harvester of light. Instead of viola-, anthera-and zeaxanthin, the main photoprotective pigments in diatoms are diadinoxanthin (Ddx) and diatoxanthin (Dtx) [4] . Moreover, the stoichiometry of chlorophylls and carotenoids in the light harvesting antennae of diatoms differs from that of higher plants, with the Chl a:Fx ratio being 1:1 [5] .
These carotenoids, and most of the Chls, are found in the main light-harvesting complexes, the fucoxanthin-chlorophyll a/c proteins (FCPs), which serve as antennae for both photosystems (PSs) [6] . FCP belongs to the LHC-superfamily and possesses many structural and functional similarities to LHCII, the main Chl a/b complex of PSII of higher plants [7, 8] (LHC, light harvesting complex). FCPs span the membrane with three transmembrane helices, and are thought to possess a three-dimensional structure similar to LHCII in higher plants [5, 9, 10] . It has been shown that FCP complexes are arranged into trimers and higher oligomers, and as in higher plants, the oligomeric forms seem to be the prevailing structure in vivo [11, 12] . This is corroborated by the observation that the pigment-protein complexes in diatoms, similar to higher plants, are arranged into structurally flexible, chirally ordered macrodomains [13] .
Steady state and ultrafast spectroscopic methods, during the past decade, have revealed important features on the molecular architecture of isolated FCP and established the role of Fx molecules in excitation energy migration [3, 5] . Recently, Stark spectroscopy revealed the existence of different Fx forms, with noticeably different static dipole moments; this heterogeneity of Fx forms was confirmed by resonance Raman spectroscopy [14, 26] .
In contrast to detailed studies on isolated FCP complexes, much less is known about the heterogeneity and function of Fx and FCP in intact diatom cells. Recently we used "in vivo Stark spectroscopy", flash-induced electrochromic absorbance transients, to identify the field-indicating pigment molecules [13] that exhibit large static dipoles [14] [15] [16] . We found that Phaeodactylum tricornutum cells exhibit strong electrochromic signals between 470 and 570 nm, and observed an intense band peaking at an unusually long wavelength position, at 564 nm, and a somewhat weaker band at around 510 nm, which were assigned to originate from two different Fx transitions [13] .
In this work we investigated the origin of these two field-sensitive Fx forms. Our data reveal large variations in their relative amplitudes upon varying the light intensity during growth, indicating a heterogeneity in the FCP pool; fluorescence excitation and emission spectra show that the FCP containing the long wavelength form of Fx or enriched in it, transfers somewhat more excitation energy to PSII than to PSI.
Materials and Methods
Phaeodactylum tricornutum (1090-1a) and Cyclotella meneghiniana (1020-1a) cells, obtained from the Culture Collection of Algae, Göttingen (SAG, FRG), were grown in ASP-medium according to [18] using the modifications described in [19] Absorbance spectra were recorded with a Shimadzu UV-3000 spectrophotometer, in double-beam mode, in the wavelength range of 400 -750 nm. The optical pathlength was 1 cm and the bandwidth was set to 2 nm. The chlorophyll concentrations of the HL and LL cultures were set to obtain the same OD values at 673 nm (the maximum of the Q y band of Chl a). In order to minimize the spectral artefacts caused by light scattering of turbid cell suspensions, the spectra were measured in a sample holder designed to correct for scattering: the cuvette is placed as close as possible to the photomultiplier tube, in front of which a quartz diffuser was placed.
Pigments were isolated by filtering 10 ml of algal cell suspension. After removal of ASP-2 medium by using a vacuum pump, 1 ml of HPLC medium (90% methanol/0.2 M ammonium acetate (90/10, v/v) and 10% ethylacetate) and a small quantity of glass beads were added. The cells were disrupted in a cell homogenizer (Braun, FRG), centrifuged, and the pigments separated and quantified by HPLC as described in [11] .
Electrochromic absorbance changes induced by single turnover saturating flashes were measured in 5 nm steps between 470 and 570 nm in a setup described previously [20] . The time constant was set to 100 µs, and 32 kinetic traces, collected with a repetition rate of 1 s -1 , were averaged. The measurements were performed in the presence of 7% Ficoll to avoid rapid sedimentation of cells during the measurement. In order to reveal the absorbance bands of the electrochromically shifted pigments, the transient spectra were fitted with the first derivatives of gaussians [20] . Prior to fitting the spectra were shifted by a constant value, to zero at 470 nm [13] . The origin of the baseline anomaly is unknown, but electrochromic absorbance changes have been shown to be accompanied by scattering transients, which are physically correlated with the absorption changes [21] .
Linear dichroism (LD) spectra were measured at room temperature in a Jobin-Yvon CD6 dichrograph, equipped with LD boards, in the wavelength range of 400 to 730 nm with a bandwidth of 2 nm. Cells or thylakoid membranes, isolated from P. tricornutum or C. meneghiniana were oriented with the gel-squeezing method [22] . The samples were were measured between 600 and 800 nm, using 510 and 550 nm excitation wavelengths with excitation and emission bandwidths of 5 and 2 nm, respectively. The fluorescence excitation spectra were recorded between 400 and 600 nm with excitation and emission bandwidths of 2 and 5 nm, respectively; the emissions were collected at 689 or 713 nm.
Results and Discussion
Upon the excitation of photosynthetic membranes with a single turnover saturating flash a uniform transmembrane electrical field of 10 5 V/cm magnitude is built up [23] .
This field is known to induce electrochromic absorbance changes, which can be used to respectively [14] . These Fx's were also shown to be structurally distinct, a conclusion from resonance Raman spectroscopy [26] .
In whole P. tricornutum cells, as shown earlier [13] , two main electrochromic absorbance band-shifts can be identified, with positive/negative peaks at around 565/535 nm and 515/485 nm (Fig. 1a) that overlap the 0-0 and 0-0/0-1 bands of Fx red and Fx green , respectively [14] . The occurrence of the electrochromic absorbance transients in this diatom is consistent with the Stark signal of isolated FCP in the external field. The long wavelength form, as determined by fitting the transient curve, is identified to originate from a 550 nm absorbance band with a full width at half maximum (fwhm) of about 22-23 nm (Fig. 1b) . This Fx form has a considerably larger amplitude than the Fx that gives rise to the shorter wavelength transition at around 501 nm, also with an 22-23 nm fwhm (Fig. 1b) . The energetic locations of the Fx species that give rise to the two electrochromic transitions in P. tricornutum cell are close to the 0-0 bands of Fx red and Fx green , respectively, previously identified in the FCP complexes isolated from C.
meneghiniana. In this context, it is important to note that we have found essentially the same electrochromic transients in C. meneghiniana cells, where Fx red and Fx green were found at 553 and 502 nm, respectively (Supplementary Figure 1) . For the electrochromic transients in whole cells at room temperature, the relatively poor signal to noise ratio, partly due to sedimentation of the cells during the measurements, do not allow the determination of the band structure of different Fx forms, in contrast to Stark spectroscopy at 77K on isolated FCP. Nevertheless, the fact that the electrochromic transients of intact cells are in general agreement with the Stark spectroscopy data on isolated FCP proves that the light-induced transmembrane field can also be used to investigate the electro-optical properties of the field-indicating pigment molecules. Thus, our measurements of electrochromic absorbance changes on intact cells provide an important tool for discerning the local environments of pigments, and verifying that they undergo charge-transfer reactions, in the pigment-protein complexes in vivo.
As shown in Fig. 1 These two Fx forms were also clearly discernible in the LD spectra shown in Fig. 2 , in particular Fx red exhibited an intense signal. Fx red therefore indicates that its static dipole moment must be close to parallel to the trans-membrane field vector (F). Notably, the angle between the transition dipole and the change in static-dipole moments was measured to be ~ 20 o in solution [14] , which in conjunction with the LD data, an orientation angle of 29° of the transition dipole with respect to the membrane plane, would mean that the Fx red could be oriented at ~ 49° with respect to the membrane plane; hence, ~ 41° between  and F, which can yield more than 70% of the maximum possible electrochromic response to the trans-membrane field.
For Fx green this value can be as high as 83 %. It must also be noted that the angle between the transition dipole and static dipole could be even larger in the protein for Fx red if it has a planar 'S' shape conformation, as proposed in [26] .
In order to obtain information about the functional significance of the heterogeneity of the Fx forms and the FCPs, low-temperature fluorescence excitation and emission spectra were recorded. The excitation spectra revealed that energy transfer to Chl a occurs from both the short-and long-wavelength Fx forms ( Fig. 3a and b) . Carotenoids absorbing at shorter wavelengths, corresponding to Fx blue [14, 26] , displayed less efficient excitation energy transfer, with higher absorbance and lower fluorescence excitation bands compared to Fx green and Fx red . This finding is in agreement with earlier data [5] . Our data also show that excitations in the Fx red -absorbing region 520 -560 nm range enhance the short wavelength emission band, around 689 nm, compared to the excitation of Fx green , at around 500 nm; this was true both in both LL (Fig. 3a) and HL (Fig. 3b) [29, 30] . In addition, the FCP composition of the antenna varied if the algae were grown under LL or HL conditions [31] . Heterogeneity of FCPs can also be seen in the ultrafast fluorescence decay kinetics [32] , which showed that two different pools of FCPs are responsible for the generation of steady-state non-photochemical fluorescence quenching (NPQ) in the diatoms P. tricornutum and C. meneghiniana. One pool of FCPs, detached from the photosystems, forms a fluorescence-quenching site, whereas the second quenching site consists of FCPs that remain in contact with the PSII core complex [32] . (NPQ at this site furthermore depends on the presence of the de-epoxidized xanthophyll cycle pigment Dtx.) The heterogeneous lipid distribution in the thylakoid membranes of diatoms also supports the existence of different FCP pools and macrodomains of the pigment-protein complexes [33] , although no variability of stacked to exposed membranes is observed by electron microscopy [34] .
To gain information about the pigment-pigment interactions on cells grown in either HL or LL, CD spectra were also obtained and shown in Fig. 4 . Fig. 4 .
In both HL and LL cells, no CD signatures are associated with the field-sensitive Fx forms, which are essentially CD silent as in isolated FCP [11, 12] . Nevertheless, it is worth mentioning that LL cells exhibit a more intense psi-type band at (+)698 nm than HL cells, which is most probably due to the accumulation of the light harvesting complexes in LL membranes. Similar data were obtained with C. meneghiniana cells as well as in another Chl a/c-containing organism, Pleurochloris meiringensis [35] .
In conclusion, our data provide direct experimental evidence for the heterogeneity of 
